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Abstract – Heating the 50-electron cluster [Fe3(CO)9(µ3-Te)2] (1) with the diphosphines 
Ph2P-R-PPh2 [R = -CH2CH2- (dppe), Z-CH=CH- (dppv), 1,2-C6H4 (dppb), -CH2CH2CH2- 
(dppp), ferrocenyl (dppf), naphthalenyl (dppbn)] in benzene affords the 52-electron 
diphosphine-containing tellurium-capped triiron clusters [Fe3(CO)8(µ3-Te)2(κ2-diphosphine)] 
(diphosphine = dppe, dppv, dppb, dppp, dppf, dppnd) (2-7) in moderate yields, resulting from 
both phosphine addition and carbonyl loss. With 1,2-bis(diphenylphosphino) benzene (dppb) 
a second product is the cubane cluster [Fe4(CO)10(µ3-Te)4(κ2-dppb)] (8). Cyclic voltammetry 
measurements on 2-7 reveals that all clusters show irreversible reductive behaviour at ca. -
1.85 V with a series of associated small back oxidation waves, suggesting that reduction leads 
to significant structural change but that this can be reversed chemically. Oxidation occurs at 
relatively low potentials and is diphosphine-dependent. The first oxidation appears at ca. 
+0.35 V for 2-6 with a small degree of reversibility but is as low as +0.14 V for the 
bis(diphenylphosphino)naphthalene derivative 7 and in some cases is followed by further 
closely-spaced oxidation. Addition of [Cp2Fe][PF6] to 2-7 results in the formation of new 
clusters formulated as [Fe3(CO)8(µ3-Te)2(κ2-diphosphine)]+, with their IR spectra suggesting 
oxidation at the diiron centre. This is supported by computational studies (DFT) of the 
bis(diphenylphosphino)propane cluster 5 showing that the HOMO is the Fe-Fe σ-bonding 
orbital, while the LUMO is centered on the diphosphine-substituted iron atom and has 
significant Fe-Te σ*-anti-bonding character consistent with the irreversible nature of the 
reduction.  Complexes 2-7 have been examined as proton reduction catalysts in the presence 
of para-toluenesulfonic acid (TsOH). All are active at their first reduction potential, with a 
second catalytic process being observed at slightly higher potentials. While their overall 
electrocatalytic behaviour is similar to that noted for the [Fe2(CO)6{µ-E(CH2)3E}] (E = S, Se, 
Te), the DFT results suggest that as the added electron is localised on the unique iron atom, 
the mechanistic aspects of hydrogen formation are likely to be quite different from the more 
widely studied diiron models. 
  
Keywords: iron, tellurium, diphosphine, electrochemistry, proton reduction 
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1. Introduction 
 
Dithiolate-bridged diiron complexes that mimic the active site of [FeFe]-hydrogenases have 
been widely studied as proton reduction catalysts over the past 15 years [1-8]. In the very 
effective so called [FeFe]-hydrogenases only sulfur-containing ligands are found, but in some 
related [FeNi]-hydrogenases, sulfur is replaced by selenium and this leads to greater 
oxidative stability [9]. While levels of tellurium in living systems are similar to those of 
selenium, to date no biological use of this heavy chalcogenide have been identified [10]. A 
key feature of an active biomimic of a hydrogenase is their ability to operate at low 
overpotentials [2-7].  Weigand and co-workers have reported that the replacement of sulfur in 
the well-studied hydrogenase biomimic [Fe2(CO)6{E(CH2)3E}] (E = S) (Fig 1a) [6], with 
selenium or tellurium results in a decrease in the first reduction potential in the order S > Se > 
Te [6]. Such a reduction is important to the activation of the complexes as proton reduction 
catalysts and thus suggests that iron-tellurium complexes could be potentially useful catalysts 
in this respect. Tellurium-containing clusters have attracted interest as a result of their novel 
structural features and unusual reactivity patterns [11-34].  
     A further development of [FeFe]-hydrogenase biomimics has been to replace the organic 
dithiolate linking group with a metal fragment (Fig. 1b), with examples containing nickel and 
platinum being widely studied [35-40]. A large number of transition metal chalcogenide 
complexes of high nuclearity (three or more transition metals) containing phosphine ligands 
has been synthesised and structurally characterized [11-33], but to our knowledge none have 
been studied as proton reduction catalysts. Considering the results obtained by Weigand and 
coworkers [6] and the potential adventitious inclusion of a third metal center, we targeted 
triiron-tellurium complexes (Fig. 1c) as potential proton reduction catalysts. Here we report 
the synthesis, structural characterization and electrochemical behaviour of the 52-electron 
diphosphine-containing tellurium-capped triiron clusters [Fe3(CO)8(µ3-Te)2(κ2-diphosphine)] 
(diphosphine = dppe, dppv, dppb, dppp, dppf, dppnd) (2-7) (Fig. 1c). During the course of 
these studies we also isolated the new cubane cluster, [Fe4(CO)10(µ3-Te)4(κ2-dppb)] (8), the 
structure of which has been determined. We have carried out electrochemical studies on 2-7, 
the results of which are supported by DFT calculations, and in preliminary studies show them 
to be catalysts for electrochemical reduction of protons in the presence of para-
toluenesulfonic acid (TsOH).  
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insert Fig. 1 near here 
 
2. Results and discussion  
 
2.1. Synthesis of [Fe3(CO)8(µ3-Te)2(κ2-diphosphine)] (2-7) 
The parent 50-electron cluster [Fe3(CO)9(µ3-Te)2] (1) was synthesised as previously reported 
[23]. Heating 1 in benzene with a range of bidentate phosphines Ph2P-R-PPh2 [R = -CH2CH2- 
(dppe), Z-CH=CH- (dppv), 1,2-C6H4 (dppb), -CH2CH2CH2- (dppp), ferrocenyl (dppf), 
naphthalenyl (dppbn)] with a tendency to chelate (Scheme 1) gave the new 52-electron 
clusters [Fe3(CO)8(µ3-Te)2(κ2-Ph2PRPPh2)] (2-7) in yields ranging from 10-60% as the major 
reaction product. The 1,2-bis(diphenylphosphino)ethane (dppe) derivative 2 and the 
analogous cluster [Fe3(CO)8(µ3-Te)2(κ2-dppm)] have been reported previously [12,39a], 
being formed upon addition of dppe to [Fe3(CO)8(PPh3)(µ3-Te)2] at room temperature [12] or 
by addition of the relevant diphosphine (dppm, dppe) to 1 to form [Fe3(CO)9(µ3-Te)2(κ1-
diphosphine)] (diphosphine coordinated in “dangling mode” (vide infra)) followed by heating 
in benzene [39a].  Furthermore, the reaction of 1 with triphenylarsine, triphenylphosphite or 
phosphines leads to the related [Fe3(CO)9(µ3-Te)2(L)] clusters [27,39a] and the parent 
complex [Fe3(CO)10(µ3-Te)2], which has been structurally characterized [41], is formed upon 
the reaction of 1 with carbon monoxide [27]. Interestingly, addition of dppe to 1 (in a 1:2 
ratio) at room temperature is reported to yield the diphosphine-linked hexa-iron cluster 
[{Fe3(CO)8(µ3-Te)2}2(κ2-dppe)] which has been crystallographically characterised [12]. It is 
not clear whether this is an intermediate in the formation of 2. The preparation of the 1,1’-
bis(diphenylphosphino)ferrocene (dppf) derivative 6 in 72% yield from the reaction of 1 and 
dppf in CH2Cl2 at room temperature has also been reported [42]. All new clusters were 
characterised spectroscopically. For each compound, the carbonyl region of the IR spectrum 
exhibited four bands in a distinctive and characteristic pattern, for example at 2038s, 1995vs, 
1960s, 1951m cm-1 for the 1,3-bis(diphenylphosphino)propane (dppp) analogue 5. The 
equivalence of the two phosphorus atoms was also clearly shown in the 31P{1H} NMR 
spectrum by the appearance of a singlet resonance (at 42.0 ppm for 5).  
 
insert Scheme 1 near here 
 
 
2.2. Molecular structures of [Fe3(CO)8(µ3-Te)2(κ2-diphosphine)] (4,5,7) 
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The molecular structures of 4, 5 and 7 have been determined by single crystal X-ray 
diffraction and the results are depicted in Figure 2. Important metric parameters for the three 
compounds and related chalcogenide-capped clusters are summarised in Table 1, and selected 
bond lengths and bond angles are collated in Table 2. Each cluster contains a triiron core 
capped by two triply bridging tellurium ligands, and contains a single iron-iron bond (Fe-Fe 
2.583(5)-2.601(5) Å). The diphosphine chelates to the unique iron atom with P-Fe-P bond 
angles of 87.25(2)o, 94.12(3)o, and 97.70(9)o in 4, 5 and 7, respectively, which are close to 
that of 88.34(14)° found in 2 [12]. This iron atom is also ligated by two terminal carbonyls in 
a relative trans disposition. The Te–Te distances, ranging from 3.107(3)-3.152(2) Å in 4, 5 
and 7, are quite short but similar to that of 3.138(1) Å found in [Fe3(CO)9(µ3-Te)2(PPh3)] 
[39a], and do not represent a formal Te-Te bond.  
 
insert Fig. 2 near here 
 
With dppf and dppbn, a second product was isolated, but they remain to be fully identified. 
For both products, their IR spectra displayed four νC-O bands (e.g. at 2063w, 2040vs, 2002s 
and 1970m cm-1 for the dppbn derivative) that are shifted to higher frequencies than those in 
2-7. Chatterjee and coworkers prepared [Fe3(CO)9(µ3-Te)2(κ1-dppf)], with the dppf ligand in 
a monodentate “dangling” coordination mode, from the reaction of 1 with dppf at -10 oC [42]  
and Rauchfuss and coworkers identified the clusters [Fe3(CO)9(µ3-Te)2(κ1-diphosphine)] 
(diphosphine=dppm, dppe) [39a]. The cluster [Fe3(CO)9(µ3-Te)2(κ1-dppf)] exhibits two 
singlets at 28.0 and -18.0 ppm in its 31P{1H} NMR spectrum. The IR spectra of our minor 
dppf and dppbn products and [Fe3(CO)9(µ3-Te)2(κ1-dppf)] are identical, but the 31P{1H} 
NMR spectrum of the minor dppf product reveals two high field resonances at 51.0 and 28.0 
ppm, consistent with oxidation of the pendant phosphorus atom. Thus, we tentatively identify 
this minor product as [Fe3(CO)9(µ3-Te)2(κ1-dppfO)]. We note, in passing, that the analogous 
compound [Fe3(CO)9(µ3-Te)2(κ1-dppeS)], prepared by reaction of [Fe3(CO)9(µ3-Te)2(κ1-
dppe)] with sulfur, has been characterized by IR and NMR spectroscopies [39a]. 
 
2.3. Molecular structure of [Fe4(CO)10(µ3-Te4)(κ2-dppb)] (8) 
With 1,2-bis(diphenylphosphino)benzene (dppb), a second product was isolated and 
identified as the cubane cluster [Fe4(CO)10(µ3-Te4)(κ2-dppb)] (8), which  was formed in 12% 
yield. The spectroscopic data are in full accord with this formulation, and X-ray 
crystallography was used to elucidate the structure (Figure 3). Selected bond lengths and 
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angles being given in Tables S1 (Supplementary Information). The cluster has a Te4Fe4 
cubane core, with alternating tellurium and iron atoms. Each telluride is thus triply bridging 
and there are no formal metal-metal bonds. Three of the iron atoms are ligated by three 
carbonyl ligands, while the fourth has a single carbonyl and the chelating diphosphine ligand. 
It is a derivative of the parent cluster [Fe4(CO)12(µ3-Te)4], which has been prepared by 
Rauchfuss and co-workers by irradiation of [Fe2(CO)6(µ2-Te2)] [40b]. The related 
bis(diphenylphosphino)methane (dppm) derivative, [Fe4(CO)10(µ3-Te)4(µ-dppm)], has also 
been reported, resulting from the unusual reaction of [NMe4]2[Te10Fe8(CO)28] (which consists 
of two Fe4Te4 cubane clusters linked by a Te2 moiety) with [Cu2(µ-dppm)2(MeCN)4][BF4]2 
[43]. In the dppm derivative the diphosphine bridges an iron-iron vector, in contrast to 8 
where it chelates to a single iron center. The average Te-Fe bond length in 8 of 2.625 Å is 
similar to those in related Fe4Te4 clusters [43-46] and the Fe–Te–Fe bond angles [94.50(2)-
98.47(2)°] and Te–Fe–Te bonds angles [81.02(1)-83.83(1)°] are within expected ranges. 
 
Insert Fig 3 and Tables 1 and 2 near here 
 
 
The mode of formation of 8 is unclear. Rauchfuss and coworkers have previously noted that 
thermal degradation of 1 affords [Fe2(CO)6(µ-Te2)], which in turn can dimerise to give 
[Fe4(CO)12(µ3-Te)4] [40b]. Hence 8 may simply arise as a result of the in situ carbonyl 
substitution of [Fe4(CO)12(µ3-Te)4] by dppb. The relatively slow reaction of dppb with 1 
(which takes 5 h as opposed to 45 mins for dppf) potentially allows for competing formation 
of [Fe4(CO)12(µ3-Te)4]. Alternatively, secondary rearrangements of 4 could be responsible, 
but all our attempts to convert 4 to 8 were unsuccessful. Similar cubane clusters were not 
observed as products with any of the other diphosphines used in this study.   
                      
2.4. Electrochemical studies and supporting density functional theory (DFT) calculations. 
The related 50-electron clusters [Fe3(CO)7L2(µ3-Te)2] (L2 = (CO)2, dppm, dcpm = 
bis(dicyclohexylphosphino)methane) show interesting electrochemical properties [46]. These 
clusters exhibit two reversible reduction processes, with the diphosphine derivatives also 
showing quasi-reversible oxidation chemistry. Thus, a number of stable redox states are 
available with electron counts varying between 49 and 52, and the doubly reduced species are 
highly active proton reduction catalysts [47]. In order to investigate the proton reduction 
potential of 2-7 we carried out cyclic voltammetry (CV) studies in CH2Cl2. Important features 
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of these studies are summarized in Table 3, with full data being given in Figs. 4-5 and S2-S3 
(Supplementary Information). Cyclic voltammograms for the dppe-derivative 2 are shown in 
Figure 4. The electrochemical behaviour of clusters 4 (dppb) and 7 (dppbn) are very similar 
to that of 2. 
 
Each cluster undergoes a reduction between -1.61 and -1.90 V and in all cases this is 
irreversible at all scan rates from 0.010 to 2 Vs-1. As the scan rate increases, however, a 
number of associated oxidation waves begin to appear, suggesting some degree of (chemical) 
quasi-reversibility. This suggests that the initially detected lack of reversibility at relatively 
slow scan rates is due to significant structural rearrangement of the cluster rather than actual 
decomposition. A similar behaviour has been shown by Weigand and coworkers for the 
clusters [Fe2(CO)6(µ-ECH2CR2CH2E}] (E = S, Se; R = Me) with the area under the curves 
for the total oxidation process resulting in full chemical reversibility [48]. We have not 
studied this behaviour in detail but the data show that at scan rates of 0.5 V s-1, a significant 
percentage of the parent cluster is regenerated.  
 
The oxidation chemistry is more complex. For 2 (Fig. 4), three irreversible oxidation waves 
are observed at +0.36, +0.54 and +0.76 V with similar behaviour being noted for 4 and 7. For 
all three clusters, the first oxidation process shows some reversibility at higher scan rates but 
the other two are irreversible at all scan rates. Clusters 3 (dppv) (Fig. 5), 5 (dppp) and 6 
(dppf) show somewhat different oxidative behaviour to those discussed above, with each 
exhibiting a single irreversible oxidation peak but at similarly low potentials. The oxidation 
wave for 6 is especially large, which is consistent with oxidation of both the ferrocene and 
triiron centres.  
 
insert Figs 4 and 5 near here 
 
We have briefly probed the chemical oxidation of these clusters. Addition of [Cp2Fe][PF6] to 
CH2Cl2 solutions of 2-7 resulted in the relatively slow (1-2 h) disappearance of their 
characteristic carbonyl absorptions bands, which were replaced by new bands at higher 
frequencies; e.g. at 2078w, 2063m, 2023vs, 1985s cm-1 in the case of 5. Attempts to collect 
NMR spectra of the oxidized clusters were unsuccessful, suggesting that these compounds 
are paramagnetic, and they are therefore tentatively identified as the 51-electron clusters 
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[Fe3(CO)8(µ3-Te)2(κ2-diphosphine)]+ (2+-7+). Interestingly, exactly the same IR spectra were 
observed upon addition of either HBF4·Et2O or CF3CO2H to CH2Cl2 solutions of 2-7 with no 
evidence of cluster protonation (Figure S1, Supplementary Material). This suggests, but does 
not prove, that under these conditions the proton is reduced by the cluster. Similar behaviour 
has been noted for other trinuclear clusters [49].  
 
In order to understand the redox chemistry described above, we have carried out DFT 
calculations on [Fe3(CO)8(µ3-Te)2(κ2-dppp)] (5). The calculated HOMO and LUMO are 
given in Figure 6. As expected, the HOMO (Fig. 6a) is the iron-iron σ-bonding orbital 
localised between the two Fe(CO)3 subunits, a feature in common with standard [FeFe]-
hydrogenase biomimics of the type [Fe2(CO)6(µ-EXE)]. More surprising was the nature of 
the LUMO (Fig. 6b), which is delocalised across the unique iron and the two tellurium atoms, 
being Fe-Te anti-bonding in nature. This suggests that oxidation will result in elongation of 
the diiron bond, akin to the behaviour of other hydrogenase biomimics, while reduction will 
differ, resulting in weakening of the binding of the Fe(CO)2(diphosphine) subunit to the 
cluster core. The latter phenomenon may be related to the observed lack of reversibility upon 
reduction when cyclic voltammetry was carried out at relatively slow scan rates.  
 
insert Fig. 6 near here 
 
2.5 Electrocatalytic studies 
The electrocatalytic activities of 2-7 towards H2 production were investigated in the presence 
of para-toluenesulfonic acid (TsOH) in CH2Cl2. A catalytic response was observed for 2-5 in 
the presence of acid and Figures 7 and S2 illustrate characteristic catalytic behaviour for 
clusters 3 and 5. In all cases, as the acid concentration is increased incrementally, a 
significant increase in peak height is seen at the first reduction potential, indicative of 
hydrogen production. A second peak is also seen at slightly higher potentials and the relative 
size of these two peaks varies with increasing acid concentration, the second peak becoming 
relatively larger. The height of the oxidation peak remains unchanged upon addition of more 
than ten equivalents of TsOH, suggesting no significant degradation of the catalyst. At higher 
acid concentrations there is also the appearance of a third peak at relatively lower reduction 
potentials (ca. -1.5 V). The origin of this is not known but it could be associated with either 
the development of a small amount of protonated cluster or the degradation of the neutral 
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cluster and concomitant proton reduction by one or more of the degradation products. The 
electrochemical behaviour of 6-7 was also studied in CH2Cl2 in the presence of TsOH (Figure 
S6, Supplementary Material) and show similar behaviour. 
 
insert Fig. 7 near here 
 
Song and co-workers have reported the proton reduction ability of the related Fe2Te2Ni 
clusters [Fe2(CO)6(µ3-Te)2Ni(κ2-diphosphine)] [35]. These clusters show a quasi-reversible 
first reduction at around -1.6 V, followed by an irreversible second one-electron reduction at 
slightly higher potentials. Interestingly, all reduction processes are shifted to slightly lower 
potentials than the analogous selenium- and sulfur-containing clusters [35]. Addition of 
TsOH in MeCN to the dppv-analogue [Fe2(CO)6(µ3-Te)2Ni(κ2-dppv)] did lead to hydrogen 
formation at the first reduction potential. The mechanism(s) of formation of hydrogen in both 
2-7 and [Fe2(CO)6(µ3-Te)2Ni(κ2-dppv)] [35] remain unknown. On the basis of the molecular 
orbital analysis of 5 presented herein, it would seem reasonable to suggest that proton 
reduction is primarily associated with the Te2Fe(CO)2(diphosphine) center as this is where 
the LUMO is localised (vide supra). If this is indeed the case then these catalysts (Figs. 1b-c) 
differ significantly from the more widely studied models (Fig. 1a) in which the LUMO is 
centered on the diiron centre and this is where proton reduction takes place. Further studies 
are required to fully elucidate the catalytic proton reduction mechanisms for these and related 
trinuclear clusters.   
 
3. Summary and Conclusions  
 
The 52-electron diphosphine-containing tellurium-capped triiron clusters [Fe3(CO)8(µ3-
Te)2(κ2-diphosphine)] (diphosphine = dppe, dppv, dppb, dppp, dppf, dppbn) (2-7, 
respectively) have been prepared and characterised by, inter alia, IR, NMR spectroscopy, and 
X-ray crystallography. Complexes 2-7 contain a diphosphine-chelated Fe atom that bridges 
the tellurium atoms of the Fe2Te2 cluster core. In addition, the cubane cluster [Fe4(CO)10(µ3-
Te)4(κ2-dppb)] (8) from the reaction of the precursor [Fe3(CO)9(µ3-Te)2] (1) with dppb. 
Clusters 2-7 have been examined as electrocatalysts for proton reduction. The electrocatalytic 
behaviour is similar for these complexes: hydrogen production occurs at the first reduction 
potential (ca -1.8 V) with a minor catalytic wave at more positive potential (ca -1.5V). As the 
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acid concentration increases, a third catalytic wave also appears at lower potential. While the 
electrocatalytic behaviour is superficially similar to that observed for [Fe2(CO)6{µ-
E(CH2)3E}] (E = S, Se, Te) complexes, computational modelling shows that the LUMO in 5 
is actually centered on the Fe(diphosphine) moiety and the bridging tellurides. By extension, 
it is likely that the LUMOs of the diphosphine clusters  2-4 and 7 are analogous to that of 5. 
Considering this, the mechanism of proton reduction is likely quite different from that 
observed for [Fe2(CO)6{µ-E(CH2)3E}] being more akin to related Fe(II) complexes of the 
type [Fe(CO)2(diphosphine)(SR)2] [50-52]. The Fe-Te anti-bonding nature of the LUMO 
suggests that reduction may lead to scission of a Fe-Te bond, thus providing a vacant 
coordination site at which protonation may take place to initiate hydrogen formation. Further 
studies are required to confirm this.  
 
 
4. Experimental 
 
4.1. General procedures  
Unless otherwise stated, purification of solvents, reactions, and manipulation of compounds 
were carried out under a nitrogen atmosphere using standard Schlenk techniques. Reagent 
grade solvents were dried by standard procedures and were freshly distilled prior to use. All 
chromatographic separations and ensuing work-up were carried out in air. Thin layer 
chromatography (TLC) was carried out on glass plates pre-coated with Merck 60 0.5 mm 
silica gel. All phosphines were purchased from Acros Organics Chemicals Inc. and used as 
received. The starting material [Fe3(CO)9(µ3-Te)2] (1) was prepared as previously reported 
[23]. IR spectra were recorded on Nicolet 6700 or Nicolet Avatar 360 FT-IR-spectrometers in 
a solution cell fitted with calcium fluoride or sodium chloride plates; subtraction of the 
solvent absorptions was achieved by computation. Fast atom bombardment (FAB) mass 
spectra were obtained on a JEOL SX-102 spectrometer using 3-nitrobenzyl alcohol as matrix 
and CsI as calibrant. NMR spectra were recorded on Varian Unity 500 MHz or Bruker 
AMX400 spectrometers. Chemical shifts were referenced to residual solvent resonances or 
85% H3PO4.  
 
4.2. Synthesis of [Fe3(CO)8(µ3-Te)2(κ2-dppe)] (2) 
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A benzene
 
solution (20 mL) of 1 (50 mg, 0.074 mmol) and dppe (30 mg, 0.074 mmol) was 
refluxed for 1 h. The solvent was removed under reduced pressure and the residue was 
chromatographed by TLC on silica gel. Elution with n-hexane/CH2Cl2 (7:3 v/v) developed a 
single band which gave [Fe3(CO)8(µ3-Te)2(κ2-dppe)] (2) (25 mg, 32%) as orange crystals 
after recrystallization from hexane/CH2Cl2 at 4 °C. Characterization data for 2: IR (ν(CO), 
CH2Cl2): 2041s, 2017s, 1998vs, 1963s cm-1. 1H NMR (CDCl3): δ 7.75-7.43 (m, 20H), 2.72-
2.49 (m, 4H). 31P{1H} NMR (CDCl3): δ 69.2 (s). ESI-MS: m/z 1045.20 (M+, calc. 1045.23). 
 
4.3. Synthesis of [Fe3(CO)8(µ3-Te)2(κ2-dppv)] (3)  
A benzene
 
solution (20 mL) of 1 (50 mg, 0.074 mmol) and dppv (29 mg, 0.074 mmol) was 
refluxed for 1.5 h. The solvent was removed under reduced pressure and the residue was 
chromatographed by TLC on silica gel. Elution with n-hexane/CH2Cl2 (7:3 v/v) developed a 
single band which gave [Fe3(CO)8(µ3-Te)2(κ2-dppv)] (3) (30 mg, 39%) as orange crystals 
after recrystallization from hexane/CH2Cl2 at 4°C. Characterization data for 3: IR (ν(CO), 
CH2Cl2): 2044s, 2020s, 2000vs, 1965s cm-1. 1H NMR (CDCl3): δ 7.85 (AA’XX’ m, J 22 Hz, 
2H, HC=CH), 7.78-7.46 (m, 20H, Ph). 31P{1H} NMR (CDCl3): δ 76.7 (s). ESI-MS: m/z 
1043.35 (M+, calc. 1043.21).   
 
4.4. Synthesis of [Fe3(CO)8(µ3-Te)2(κ2-dppb)] (4) and [Fe4(CO)10(µ3-Te)4(κ2-dppb)] (8)  
A benzene
 
solution (20 mL) of 1 (50 mg, 0.074 mmol) and dppb (33 mg, 0.074 mmol) was 
refluxed for 5 h. The solvent was removed under reduced pressure and the residue was 
chromatographed by TLC on silica gel. Elution with n-hexane/CH2Cl2 (7:3 v/v) developed 
two bands in addition to intractable, presumably decomposed, material. The faster moving 
band gave [Fe4(CO)10(µ3-Te)4(κ2-dppb)] (8) (13 mg, 12%) as black crystals and the second 
band afforded [Fe3(CO)8(µ3-Te)2(κ2-dppb)] (4) (20 mg, 25%) as red crystals after 
recrystallization from hexane/CH2Cl2 at 4 °C. Characterization data for 4: IR (ν(CO), CH2Cl2): 
2042s, 2021s, 1998vs, 1964s cm-1. 1H NMR (CDCl3): δ 7.70-7.67 (m, 4 H), 7.59-7.34 (m, 
10H), 7.24-7.03 (m, 10H). 31P{1H} NMR (CDCl3): δ 74.2 (s). ESI-MS: m/z 1093.24 (M+, calc. 
1093.27). Characterization data for 8: IR (ν(CO), CH2Cl2): 2053s, 2029vs, 1977s, 1908w cm-1. 
1H NMR (CDCl3): δ 7.67-7.04 (m, 24 H). 31P{1H} NMR (CDCl3): δ 53.5 (s). ESI-MS: m/z 
1460.33 (M+, calc.1460.34). 
 
4.5. Synthesis of [Fe3(CO)8(µ3-Te)2(κ2-dppp)] (5)  
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A benzene
 
solution (20 mL) of 1 (50 mg, 0.074 mmol) and dppp (31 mg, 0.075 mmol) was 
refluxed for 1 h. The solvent was removed under reduced pressure and the residue was 
chromatographed by TLC on silica gel. Elution with n-hexane/CH2Cl2 (7:3 v/v) developed a 
single band which gave [Fe3(CO)8(µ3-Te)2(κ2-dppp)] (5) (50 mg, 61%) as red crystals after 
recrystallization from hexane/CH2Cl2 at 4 °C. Characterization data for 5: IR (ν(CO), CH2Cl2): 
2038s, 1995vs, 1960s, 1951m cm-1. 1H NMR (CDCl3): δ 7.67-7.33 (m, 20H), 2.43-1.83 (m, 
6H). 31P{1H} NMR (CDCl3): δ 42.0 (s). ESI-MS: m/z 1059.13 (M+, calc. 1059.26). 
 
4.6. Synthesis of [Fe3(CO)8(µ3-Te)2(κ2-dppf)] (6) 
A benzene
 
solution (20 mL) of 1 (100 mg, 0.148 mmol) and dppf (82 mg, 0.148 mmol) was 
refluxed for 45 mins. The solvent was removed under reduced pressure and the residue was 
chromatographed by TLC on silica gel. Elution with n-hexane/CH2Cl2 (3:1 v/v) developed 
two bands. The faster moving band gave a very dark solid, tentatively assigned as 
[Fe3(CO)9(µ3-Te)2(κ1-dppfO)] (15 mg, 9%), and the second band afforded [Fe3(CO)8(µ3-
Te)2(κ2-dppf)] (6) (60 mg, 35%) as red crystals after recrystallization from hexane/CH2Cl2 at 
4°C. Characterization data for [Fe3(CO)8(µ3-Te)2(κ1-dppfO)]: IR (ν(CO), CH2Cl2): 2053s, 
2039vs, 2010vs, 1996 vs, 1964s cm-1. 1H NMR (CDCl3): δ 8.23–7.43 (m, 20H), 4.4-4.38 (m, 
4H), 3.35-3.31 (m, 4H). 31P{1H} NMR (CDCl3): δ 51.0 (s), 28.0 (s). Characterization data for 
6: IR (ν(CO), CH2Cl2): 2039s, 1998vs, 1963s, 1951m cm-1. 1H NMR (CDCl3): δ 7.60-7.43 
(m, 8 H), 7.4-7.43 (m, 12H), 4.47 (s, 4H), 4.38 (s, 4H). 31P{1H} NMR (CDCl3): δ 51.2 (s). 
ESI-MS: m/z 1145.47 (M+, calc. 1145.35). 
 
4.7. Synthesis of [Fe3(CO)8(µ3-Te)2(κ2-dppbn)] (7) 
A benzene
 
solution (20 mL) of 1 (50 mg, 0.074 mmol) and dppbn (46 mg, 0.074 mmol) was 
refluxed for 4 h. The solvent was removed under reduced pressure and the residue was 
chromatographed by TLC on silica gel. Elution with n-hexane/CH2Cl2 (6:4 v/v) developed 
two bands in addition to intractable, presumably decomposed, material. The faster moving 
band afforded trace amounts of a dark solid, tentatively assigned as [Fe3(CO)9(µ3-Te)2(κ1-
dppbnO)], and the second band gave [Fe3(CO)8(µ3-Te)2(κ2-dppbn)] (7) (15 mg, 16%) as red 
crystals after recrystallization from hexane/CH2Cl2 at 4°C. Characterizing data for 
[Fe3(CO)9(µ3-Te)2(κ1-dppbn)]: IR (ν(CO), CH2Cl2): 2063w, 2040vs, 2002s, 1970m cm-1. 
Characterization data for 7: IR (ν(CO), CH2Cl2): 2039vs, 1996vs, 1963s, 1952 cm-1. 1H NMR 
(CDCl3): δ 7.85-7.33 (m, 20H), 7.14-6.71 (m, 12H). 31P{1H} NMR (CDCl3): δ 52.3 (s). ESI-
MS: m/z 1269.25 (M+, calc. 1269.48).  
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4.8. Oxidation experiments  
To CH2Cl2 solutions (ca. 1 mL) of 2-7 were added two equivalents of [Cp2Fe][PF6]. Over 1-2 
h the four carbonyl peaks of the neutral clusters were replaced by four new carbonyl bands at 
higher frequencies. These changes are attributed to the formation of the 51-electron cations 
[Fe3(CO)8(µ3-Te)2(κ2-diphosphine)]+ (vide supra); 2+ 2080w, 2063m, 2023vs, 1985s cm-1; 3+ 
2080w, 2063m, 2023vs, 1985s cm-1; 4+ 2080w, 2063m, 2023vs, 1985s cm-1; 5+ 2078w, 
2063m, 2023vs, 1985s cm-1; 6+ 2080w, 2062m, 2023vs, 1986s cm-1 (Fig. S1, Supplementary 
Material); 7+ 2079w, 2063m, 2023vs, 1985s cm-1. Similarly, addition of two equivalents of 
HBF4.Et2O or CF3CO2H to 2-7 in air led to similar changes as monitored by IR spectroscopy.  
 
4.9. X-ray structure determinations  
Crystals of 4, 5, 7 and 8 suitable for single crystal X-ray diffraction analysis were grown by 
slow diffusion of hexane into CH2Cl2 solutions at 4 °C. A suitable crystal was selected 
and mounted on a SuperNova Atlas (Dual, Cu at zero) diffractometer using a nylon loop. The 
crystal was kept at 150 K during data collection. Using Olex2 [53], the structures of 4, 5 and 
8 were solved with the ShelXS [54] structure solution program using direct methods and 
refined with the ShelXL [54] refinement package using least squares minimisation. The 
structures of 6 and 7 were solved with the Superflip [55] structure solution program using 
charge flipping and refined with the Olex2 program package. Cluster 7 was refined with 
ShelXL using least squares minimization and 6 was refined using a refinement package with 
Gauss-Newton minimisation [56]. 
 
4.10. Electrochemistry 
A Pine Wave Now potentiostat was used for all electrochemical measurements. 
Electrochemistry was carried out under solvent-saturated nitrogen in deoxygenated CH2Cl2 
and acetonitrile solutions with 0.1 M [NBu4][PF6] as the supporting electrolyte. The working 
electrode was a 3 mm diameter glassy carbon electrode that was polished with 0.3 µm 
alumina slurry prior to each scan. The counter electrode was a platinum wire and the 
Ag/AgCl reference electrode was separated from the working electrode by a glass frit. 
Ferrocene was added as an internal standard and all cyclic voltammograms were referenced 
to the Fc+/Fc redox couple [57]. Catalysis studies were carried out by adding known 
equivalents of p-toluenesulfonic acid (TsOH) (Sigma-Aldrich). 
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4.11. DFT modeling 
All calculations were performed with the hybrid DFT functional B3LYP, as implemented by 
the Gaussian 09 program package [58]. This functional utilizes the Becke three-parameter 
exchange functional (B3) [59], combined with the correlation functional of Lee, Yang and 
Parr (LYP) [60]. The iron atoms were described by Stuttgart–Dresden effective core 
potentials (ecp) and an SDD basis set, while the 6-31G(d’) basis set was employed for the 
remaining atoms. The reported geometries were fully optimized, and the analytical second 
derivatives were evaluated and found to possess only positive eigenvalues. The geometry-
optimized structures have been drawn with the JIMP2 molecular visualization and 
manipulation program [61]. 
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Appendix A. Supplementary data. 
CCDC entries no. 1830148, 1830149, 1830150, and 1830151 contain the 
supplementary crystallographic data for 4, 5, 7 and 8, respectively. Copies of this 
information may be obtained free of charge from The Director, CCDC, 12 Union 
Road, Cambridge, CB2 1EZ, UK (fax: +44-1223-336033; e-mail: 
deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk). 
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Table 1. Crystallographic data for [Fe3(CO)8(µ3-Te)2(κ2-dppb)] (4), [Fe3(CO)8(µ3-Te)2(κ2-
dppp)] (5), [Fe3(CO)8(µ3-Te)2(κ2-dppbn)] (7) and [Fe4(CO)10(µ3-Te)4(κ2-dppb)] (8). 
 
 
 
 
 
 
Compound 4 5 
 
7 8 
Empirical formula C38H24Fe3O8P2Te2 C35H26Fe3O8P2Te2 C52H32Fe3O8Te2P2 C40H24Fe4O10P2Te4 
Formula weight 1093.26 1059.25 1269.48 1460.33 
Temperature/K 150(1) 150(1) 150(1) 150(1) 
Crystal system monoclinic triclinic triclinic monoclinic 
Space group P21/n P-1 P-1 P21/n 
a/Å 10.72662(14) 11.8170(3) 13.6004(3) 11.32884(16) 
b/Å 20.3360(3) 13.1745(4) 13.7488(4) 20.9384(3) 
c/Å 17.8794(3) 13.2898(4) 14.7766(3) 18.4526(3) 
α/° 90 115.082(3) 78.558(2) 90 
β/° 99.6852(14) 97.986(2) 75.5963(19) 92.9404(12) 
γ/° 90 90.871(3) 69.768(2) 90 
Volume/Å3 3844.56(9) 1849.38(11) 2491.84(11) 4371.34(11) 
Z 4 2 2 4 
ρcalcg/cm3 1.889 1.902 1.805 2.219 
µ/mm-1 2.739 2.843 2.236 4.046 
F(000) 2112.0 1024.0 1324.0 2744.0 
Crystal size/mm3 0.3 × 0.18 × 0.14 0.3 × 0.12 × 0.1 0.2 × 0.17 × 0.06 0.16 × 0.14 × 0.04 
Radiation MoKα (λ = 0.71073) 
MoKα (λ = 
0.71073) 
MoKα (λ = 
0.71073) 
MoKα (λ = 
0.71073) 
2Θ range for data 
collection/° 5.558 to 59.176 5.24 to 59.006 5.328 to 58.942 5.672 to 59.06 
Index ranges 
-14 ≤ h ≤ 14,  
-25 ≤ k ≤ 28,  
-24 ≤ l ≤ 24 
-16 ≤ h ≤ 16, -18 
≤ k ≤ 18, -18 ≤ l ≤ 
18 
-18 ≤ h ≤ 18, 
-18 ≤ k ≤ 17,  
-18 ≤ l ≤ 18 
 -14 ≤ h ≤ 14, 
 -26 ≤ k ≤ 28,  
 -25 ≤ l ≤ 25 
Reflections collected 67039 31804 42604 77288 
Independent 
reflections 
10006 [Rint = 
0.0385, Rsigma = 
0.0266] 
9137 [Rint = 
0.0434, Rsigma = 
0.0425] 
12203 [Rint = 
0.0359, Rsigma = 
0.0380] 
11385 [Rint = 
0.0314, Rsigma = 
0.0223] 
Data/restraints/parame
ters 10006/0/478 9137/0/451 12203/0/649 11385/0/541 
Goodness-of-fit on F2 1.065 1.066 1.042 1.110 
Final R indexes 
[I>=2σ (I)] 
R1 = 0.0246, 
wR2 = 0.0513 
R1 = 0.0353, 
wR2 = 0.0860 
R1 = 0.0276, 
wR2 = 0.0555 
R1 = 0.0267, 
wR2 = 0.0557 
Final R indexes [all 
data] 
R1 = 0.0335, 
wR2 = 0.0557 
R1 = 0.0452, 
wR2 = 0.0941 
R1 = 0.0359, 
wR2 = 0.0597 
R1 = 0.0370, 
wR2 = 0.0607 
Largest diff. peak/hole 
/ e Å-3 0.87/-0.46 1.53/-1.17 0.56/-0.76 1.91/-0.61 
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Table 2. Selected bond lengths (Å) and bond angles (o) for 4, 5 and 7 
 
       4 5 7 
Te(1) –Te(2) 3.1527(2)  3.1075(3)   3.1385(2) 
Te(1) – Fe(1) 2.6135(3)  2.6536(5)   2.6591(3) 
Te(1) – Fe(2) 2.5820(4)  2.5688(5)   2.5639(4) 
Te(1) – Fe(3)   2.5812(4)  2.5637(5)   2.5744(4) 
Te(2) – Fe(1) 2.6490(3)  2.6543(5)   2.6724(4) 
Te(2) – Fe(2)      2.5696(4)  2.5702(5)   2.5709(3) 
Te(2) – Fe(3) 2.5877(4)  2.5734(5)   2.5634(4) 
Fe(1) – P(1)  2.2373(6)  2.2590(9)   2.2582(6) 
Fe(1) – P(2)  2.2082(6)  2.2419(9)   2.2579(7) 
Fe(2) – Fe(3)       2.5832(5)     2.5903(7)   2.6011(5) 
P(1) – Fe(1) – Te(2) 174.40(2) 164.54(3)   90.604(19) 
P(2) – Fe(1) – Te(1) 170.72(2)  171.87(3)   100.061(19) 
P(2) – Fe(1) – Te(2)   97.161(18) 100.22(3)   170.47(2) 
P(2) – Fe(1) – P(1)      87.25(2)     94.12(3)   97.29(2) 
Te(1) – Fe(1) –Te(2) 73.606(9)     71.668(13)   72.125(9) 
P(1) – Fe(1) – Te(1)     101.908(18)     93.89(3)   162.64(2) 
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Table 3. Reduction and oxidation potentials for clusters 2-7  
 
Complexes 1st reduction  1st oxidation  2nd  oxidation 3rd oxidation 
[Fe3(CO)8(µ3-Te)2(κ2-dppe)] (2) -1.81 +0.36 +0.54 +0.76 
[Fe3(CO)8(µ3-Te)2(κ2-dppv)] (3) -1.84 +0.35   
[Fe3(CO)8(µ3-Te)2(κ2-dppb)] (4) -1.81 +0.33 +0.51 +0.74 
[Fe3(CO)8(µ3-Te)2(κ2-dppp)] (5) -1.90 +0.28   
[Fe3(CO)8(µ3-Te)2(κ2-dppf)] (6) -1.61 +0.29a    
[Fe3(CO)8(µ3-Te)2(κ2-dppbn)] (7) -1.65 +0.07 +0.40 +0.74 
a Larger peak current might indicate a 2e- oxidation 
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(OC)3Fe Fe(CO)3
E E
Fe COOC
Ph2P
PPh2
R
(OC)3Fe Fe(CO)3
E E
(OC)3Fe Fe(CO)3
E E
Ln
M
E = S, Se and Te E = S, Se and Te E = Te
(a) (b) (c)
 
Fig. 1. (a) Biomimics of [FeFe]-hydrogenases, (b) metal-substituted biomimics of [FeFe]-
hydrogenases, (c) general structure of clusters reported in this article.  
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(a)  (b) 
 
      (c) 
Fig. 2. Molecular structures of (a) [Fe3(CO)8(µ3-Te)2(κ2-dppb)] (4), (b) [Fe3(CO)8(µ3-
Te)2(κ2-dppp)] (5) and (c) [Fe3(CO)8(µ3-Te)2(κ2-dppbn)] (7) showing the atom numbering 
scheme. Thermal ellipsoids are drawn at the 50% probability level (hydrogen atoms omitted 
for clarity).  
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Fig.3. Molecular structure of [Fe4(CO)10(µ3-Te4)(κ2-dppb)] (8) showing the atom numbering 
scheme. Thermal ellipsoids are drawn at the 50% probability level (hydrogen atoms omitted 
for clarity). 
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Fig. 4. Cyclic voltammetry of 1 mM [Fe3(CO)8(µ3-Te)2(κ2-dppe)] (2) in CH2Cl2 (supporting 
electrolyte [NBu4][PF6]; peak heights increase with the scan rate of 0.010, 0.050, 0.250, and 
0.500Vs-1; glassy carbon electrode; potential vs. Fc+/Fc). 
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Fig. 5. Cyclic voltammetry of 1 mM [Fe3(CO)8(µ3-Te)2(κ2-dppv)] (3) in CH2Cl2 (supporting 
electrolyte [NBu4][PF6], peak heights increase with the scan rate 0.025, 0.050, 0.100, 0.250 
and 0.500 Vs-1; glassy carbon electrode, potential vs. Fc+/Fc).  
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                       (a)         (b) 
 
Fig. 6. (a) HOMO and (b) LUMO in [Fe3(CO)8(µ3-Te)2(κ2-dppp)] (5) as calculated by DFT. 
Both orbital plots were printed at an isovalue of 0.055.  
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 (a)                   (b) 
Fig. 7. Cyclic voltammetry of 1 mM [Fe3(CO)8(µ3-Te)2(κ2-dppv)] (3) (a) and 1 mM 
[Fe3(CO)8(µ3-Te)2(κ2-dppp)] (5) (b) in the absence and presence of 1–25 molar equivalents of 
p-TsOH (supporting electrolyte [NBu4][PF6], scan rate 0.2 Vs-1, glassy carbon electrode, 
potential vs. Fc+/Fc). Peak heights increase with 0, 1.5, 3.1, 6.3, 12.7, and 25.5 equivalents. 
Dilution corrections have been made so that the figures represent the results at constant 
volume. The inset shows the observed peak current at the initial reduction (circle) and at a 
new reduction (square) as TsOH is added. 
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                                                                     Scheme 1  
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Highlights 
 
• 52-electron [Fe3(CO)9(µ3-Te)2(k
2-diphosphine)] clusters have been prepared. 
 
• All clusters display similar electrochemical behaviour (cyclic voltammetry). 
 
• All clusters are electrocatalysts for proton reduction. 
